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ABSTRACT

A study was made to evaluate the potential
improvements in aircraft turbine engine perfor-
mance by incorporating unique supersonic
through-flow fans. Engine performance, weight,
and mission studies were carried out for conven-
tional turbofan engines and for turbofan engines
using supersonic through-flow fans. A Mach 3
commercial transport mission was considered.
The advantages of the supersonic fan engines
were evaluated in terms of mission range com-
parisons between the supersonic fan engines and
the conventional engines. The installed
specific fuel consumption of the supersonic fan
engines was 12 percent better than the conven-
tional engines and the installed weight was
projected to be 25 percent 1lighter. For the
takeoff gross weight of 550000 pounds, the air-
craft powered by supersonic fan engines had a
range capability of 6600 n mi compared to 5300
nmi (a 25 percent improvement) for the conven-
tional engines.

NOMENCLATURE
BPR bypass ratio
CET combustor exit temperature, OR
F thrust, 1bf
FPR fan pressure ratio
ft feet
g gravitational acceleration, 32.174
ft/sec?
hr hour
1bm pound mass
1bf pound force
M Mach number
n mi nautical mile
OPR engine overall pressure ratio

R radius

sfc specific fuel consumption 1bm/hr/1bf
TAUG augmentor temperature, OR
T0GW takeoff gross weight, 1bm
u fan tip speed, ft/sec

W weight, Tbm

X length, ft

Subscripts

AB absolute

C cowl

ENG engine

MAX max imum

0 ambient

This paper Is declared a work of the U.S. Government and Is
not subject to copyright protection in the United Stiates.

INTRODUCTION
In the 1970's, NASA sponsored studies by
Pratt and Whitney Aircraft and the General

Electric Company to identify propulsion systems
that would be suitable for long-range supersonic
cruise aircraft.l- These studies considered
a variety of conventional and variable cycle
concepts. An alternative concept, the super-
sonic through-flow fan variable-bypass engine,
was suggested by Advanced Technology Laboratorg
Inc. and was studied under NASA contract.
This engine (fig. 1) incorporates a single-stage
supersonic through-flow fan. This type of fan
has supersonic axial Mach numbers at the fan
face and stator exit. The results of the
studies by Advanced Technology Laboratories Inc.
indicated that this type of engine may be a more
efficient powerplant for supersonic cruise air-
craft than the more conventional engines. Addi-
tional studies at NASA Lewis showed similar
attractive results.9-10

For the 1long supersonic cruise range con-
sidered in these studies, a large part of the
advantage of this engine 1is attributed to the
improvement in installed supersonic cruise sfc's
which is due in large part to the reduced inlet
losses. Also, it has the potential for
increased dry thrust compared to a conventional
engine and reduced inlet and nacelle weight.

The studies of this engine for supersonic
cruise have recently been extended to the high
Mach regime (Mach 3-5). The initial results for
the Mach 3 studies are presented in this paper.

This study encompassed aircraft with
extended supersonic cruise range. Two types of
engines were considered in the study: a dry
supersonic through-flow fan turbofan and a con-
ventional dry mixed flow turbofan. The engines
are compared on the basis of mission range for
an aircraft of fixed takeoff gross weight.

METHOD OF ANALYSIS

The study reflected differences 1in engine
thrust and sfc, pod drag, and propulsion system
weight. Mission performance calculations were
made to determine mission range as a function of
sea level static thrust/gross weight for a fixed
takeoff gross weight and payload.




The engine concepts are shown in figure 1.
Engine cycle characteristics and weight are
shown in Table I for JP type fuel.

The supersonic fan engine is similar to a
two-spool conventional turbofan except for the
inlet and fan. The supersonic fan is a super-
sonic through-flow fan stage, 1i.e., supersonic
axial Mach numbers at the fan face and stator
exit. The supersonic fan would lead to improve-
ments in the overall propulsion system. These
improvements are a reduction in fan weight
(single-stage vs. multi-stage), reductions in
inlet losses (at supersonic flight), and inlet
weight, and more flexibility in matching the
engine cycle to the airplane thrust requirements.

The engine technology assumed in the study
is similar to goals of the Department of Defense
Integrated High Performance Turbine Engine
Technology Plan (IHPTET). This technology is
characterized by near stoichiometric combustor
exit temperatures and advanced materials to
provide major improvements in engine
thrust/weight ratio.

The installed engine performance for the
engines was computed with the engine cycle com-
puter program of reference 11 which performs
cycle calculations, design, and off-design on a
component by component basis. Except for the
supersonic fan, the component aerodynamic
characteristics, efficiencies, and cooling
requirements for conventional fans, compressors,
turbines, combustors, etc. used in the program
were the same for both engines. The supersonic
fan aerodynamic design was computed using a mean
line one-dimensional analysis provided by the
NASA Lewis Turbine and Rotary Engine Technology
Branch. The aerodynamic characteristics of the
supersonic fan are shown in figure 2 compared to
the conventional fan aerodynamics. The
operating lines for the fans are also shown in
the figure. 1In this study, it was assumed that
the inlet airflow in front of the supersonic fan
face was "started" at sea level static. As
shown in the figure, the fan was designed for a
fan face Mach number of 1.5 at sea Tlevel
static. Several concepts for achieving super-
sonic flow at these conditions (movable geometry
inlet, variable fan 1inlet guide vanes, bleed)
are currently under analysis at NASA Lewis.
Another approach would be to maintain subsonic
velocities at the fan face and start both the
inlet and fan at some supersonic flight speed.
The operating lines were determined by matching
the engine cycles with airflow schedule for each
flight condition. As seen in the figure at the
Mach 3 cruise flight condition, the fan face
Mach number s 2.5 and the pressure ratio is
about 2.

The inlet performance for the conventional
engine was obtained from reference 12. Inlet
design and performance studies for the super-
sonic fan are currently underway at the NASA
Lewis Advanced Planning and Analysis Office.
Two supersonic through~-flow inlet designs have
been studied thus far and are shown in figure 3
compared to a conventional inlet. These dinlets
were studied using a method-of-characteristics
analysis. For the variable area design a
minimum area is provided (supersonic) to allow

for possible movable geometry for starting and
stability. For the constant area design,
studies are proceeding to determine the
off-design starting and stability charac-
teristics of this inlet. As shown in the
figure, the total pressure recovery for the
supersonic through-flow inlets are 0.96 compared
to 0.9 for the -~onventional inlet. It is also
seen that the lengths are about one half that of
the conventional inlet, representing a sizeable
savings in drag and weight. The inlet drag for
these inlets was determined using the methods of
references 13 and 14. The constant area super-
sonic through-flow inlet was selected for the
supersonic fan engines 1in this study. The
performance for the supersonic through-flow
inlet and the conventional inlet are shown in
figures 4 through 6. The performance includes
friction, spiliage bleed drag, and shock
losses. It was assumed that the supersonic
through-flow 1inlet would not require boundary
layer bleed since the inlet is so short and
would not have the strong adverse pressure
gradients of conventional inlets. This repre-
sents a sizeable drag reduction as seen by com-
paring figures 4 and 5. The total inlet drag
for both inlets 1is compared in figure 6. At
Mach 3, cruise the conventional inlet total drag
is about four times greater than that of the
supersonic through-flow inlet. For the core
diffuser of the supersonic fan engine, a total
pressure recovery of 85 percent was assumed and
a 10 percent boundary layer bleed were inciuded
in the engine cycle and performance analysis.

Engine weight estimates for the conventional
engines and the core of the supersonic fan
engines were calculated from references 15 and
16. The core diffuser weight was scaled from
the data in reference 9. Weight estimates for
the conventional and supersonic through-flow
inlets and nacelles were estimated by the
methods of reference 14.

The airplane used in the study, figure 7,
was derived from a NASA Langley concept.l?
The airplane takeoff gross weight 1is 550000
pounds. The 60000 payload and the airplane
empty weight without the weight of the propul-
sjon system remained fixed. The mission range
varied with changes in engine performance and
weight.

The mission is shown in figure 8 and the
climb/acceleration path is shown in figure 9.
The mission 1is an all supersonic cruise
mission. The total range is the sum of the
climb/acceleration c¢ruise and descent. Fuel
reserves include an enroute contingency of 5
percent of the mission fuel and provisions for a
20-minute loiter.

RESULTS AND DISCUSSION

Engine Performance and Weight - As mentioned
previously, the cycle characteristics of the
supersonic fan engine lead to improvements in
propulsion system performance. In addition to
lower inlet losses (fig. 6), the cycle can be
matched to improve the thrust lapse. In conven-
tional bypass engines, the bypass ratio
increases with flight Mach number leading to SFC




penalties and lower thrust. For the supersonic
fan engine, the bypass ratio escalation is
reduced leading to higher specific thrust and
improved sfc's.

Three versions of the supersonic fan engine
were studied; sea level static design bypass
ratios of 1.5, 2.0, and 2.5. Figure 10 shows
the installed performance of these engines com-
pared to the conventional mixed flow turbofan at
Mach 3. The specific thrust 1is the thrust
divided by the sea level static corrected air-
flow. It is seen that for the bypass ratio 2.5
engine, the maximum thrust of the supersonic fan
engine is about 40 percent higher than the con-
ventional engine. The specific fuel consumption
is about 12 percent 1lower. The part power
operation of the supersonic fan engines is more
efficient (less-sfc penalty at reduced thrust)
than that of the conventional fan. This is due
in part to the lower operating bypass ratio of
the supersonic fan and the benefits of mixed
filow for the conventional turbofan become 1less
at lower turbine inlet temperatures.

Comparisons of the propulsion weight for the
engines is shown in figure 11. For the same
bypass ratio of 2.5, the engine plus nozzle
weight 1is about the same for the conventional
and supersonic fan engines. This is mainly
because the supersonic fan engine is a separate
flow turbofan with two nozzles. 1In this study,
the biggest savings in propuision weight is due
to the short supersonic through-flow inlet. It
should be pointed out that the weights for the
conventional and supersonic through-flow 1inlets
were calculated assuming the same degree of
compiexity. Should the supersonic through-flow
inlet be a simpler device then the weights could
be even less.

Mission Studies - Mission studies were per-
formed for the three supersonic fan engines and
the conventional engine. The results in terms
of range versus engine sea level static
corrected airflow (engine size) are shown in
figure 12. For a given engine type, too large
of an engine results in a weight penalty and
lower range. Too small of an engine results in
excessive acceleration/climb fuel consumption
and lower range. Comparing the three supersonic
fan engines, the maximum range 1is about the
same, but the engine size for maximum range
increases with increasing design bypass ratio
due to the decrease maximum thrust. This trend
is typical of dry bypass engines. For the con-
ventional engine, the range is more sensitive to
engine size than for the supersonic fan engines
because of the heavier engine weight. The
maximum range with the conventional engine is
5300 n mi The supersonic fan engine would
improve the range by about 25 percent.

ON-GOING ANO PLANNED RESEARCH

Figure 13 shows some of the key supersonic
through-flow areas of research. fan aero
dynamic studies are being conduct at NASA Lewis
and at the United Technology Research Center
under NASA contract. Plans include testing a
model fan stage at NASA Lewis in the summer of
1988. One of the major items under study is

starting the fan. Supersonic through-flow inlet
designs are being studied at NASA Lewis. The
inlets discussed in this paper are very pre-
liminary designs. On-going and future studies
will be focused on inlet starting and the degree
of simplicity that can be achieved while
retaining acceptable performance. Core inlet
research for the supersonic fan turbofan will
include boundary 1layer stability and bleed
requirements and aero studies to determine
variable geometry requirements. Alternate
cycles such as the ATR and supersonic aft fan
turbofan would not require core inlet research.
For the cruise speed and technology 1level
assumed in this study, augmentation is not
required. At high cruise speeds above about
Mach 4, thrust augmentation will probably be
required. Preliminary analysis of supersonic
combustion in the duct stream at a Mach 5 cruise
speed has indicated that supersonic combustion
may be a viable means of augmenting the super-
sonic through-flow fan engine; however, this
needs further study. Studies are also con-
tinuing to investigate alternate cycles such as
the aijr turboramjet that could be enhanced by
the supersonic through-flow compressor. Addi-
tional studies are needed to investigate other
alternate supersonic fan cycles and
aircraft/missions.

SUMMARY

A study was made to evaluate the potential
benefits of supersonic through-flow fan engine
concepts for commercial supersonic cruise air-
craft. Engine performance, weight, and aircraft
mission studies were carried out for the super-
sonic through-flow fan engine concepts and for a
conventional mixed flow turbofan engine con-
cept. The advantages of the supersonic fan
engines were evaluated in terms of mission range
comparisons between the supersonic fan engines
and the conventional turbofan engine. A Mach 3
all supersonic cruise mission was used in the
study. The aircraft simulated in the mission
studies was derived from a NASA Langley arrow
wing concept. The specific fuel consumption of
the supersonic fan engines was calculated to be
12 percent lower than of the conventional turbo-
fan. The propulsion system weight of the super-
sonic fan engines was estimated to be about 25
percent less. The mission range of the aircraft
powered by supersonic fan engines achieved 25
percent,more range than aircraft powered by the
conventional engines.
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